Comparison of corrosion behavior of Ni, Cu and 70/30 Ni-Cu alloy together with that of carbon steel in seawater has been investigated. Characteristics such as morphological changes and composition of corrosion products have been studied comparatively by means of scanning electron microscopy (SEM), energy dispersive X-ray (EDX) and X-Ray diffraction (XRD). It was found that both the protective properties and adherence of the film, formed on the surface depend on the nature of the substrate and the environment composition. Corrosion mechanisms for all the studied materials were suggested based on the surface analyses. The results show that the chloride content is the controlling factor in corrosion of both carbon steel and copper in seawater, while sulphur content is the regulating factor for corrosion of nickel and 70/30 Ni-Cu alloy in seawater.
INTRODUCTION
Seawater is one of the most abundant naturally occurring electrolytes, covering about 70% of the earth's surface. Seawater systems are used by many industries such as shipping, offshore oil and gas production, power plants and coastal industrial plants. The main use of seawater is for cooling purposes but it is also used for fire-fighting, oil field water injection and for desalination plants 1, 2 . Seawater is inherently chemically aggressive, and therefore, constructional materials used in seawater handling and processing systems including desalination plants are subjected to varying degree of corrosion depending upon the nature of the materials and operational conditions. Broadly speaking, for applications in seawater, the materials are usually exposed to three zones, namely, fully immersed, partially immersed or seawater surrounding environment 3 .
Marine corrosion includes the immersion of components in seawater, equipment and piping that use seawater or brackish water, and corrosion in marine atmospheres. Exposure of components can be continuous or intermittent. Ships, marinas, pipelines, offshore structures, desalination plants, and heat exchangers are some examples of systems that experience marine corrosion. The corrosion problems in these systems have been well studied over many years; despite several published information on materials behavior in seawater 4, 5 , failures still occur. Therefore, more investigations need to carry out to obtain better understanding on material corrosion behavior.
Seawater is a complex mixture of inorganic salts (mainly sodium chloride), dissolved gases (notably oxygen), suspended solids, organic matter and organisms 6 . Singh et al. 7 founded that the presence of salinity and SO 2 in the environments changed the corrosion characteristics, structure and protective properties of rust formed on the surfaces of steels. Chloride ion is one of the most significant natural contaminant in marine environment which plays a big role in the corrosion process of structural steel 8 . Sulfide in seawater can occur in many ways, such as from rotting vegetation, from industrial waste discharge and from the biological and bacteriological process in seawater (e.g. the naturally occurring sulfate in seawater reduced by sulfate-reducing bacteria) 9 .
Copper and its alloys are very widely used materials in many industrial applications because of their excellent electrical and thermal conductivity and their corrosion resistance [10] [11] [12] . There are a lot of pipes, tanks, valves, tubes in condensers and heat exchangers are made from copper in the industries. Nickel is an important metal and it is used in a large number of industrial applications 13 . Nickel is widely used as an alloying element because of its toughness and corrosion resistance 14 . However, copper-nickels have been specified for sea water use for over 50 years; they are the materials of first choice for seawater pipe work and condenser service for many of marine applications. They are used in desalination, power plants and offshore fire water systems, and for the sheathed protection of oil and gas platform legs and risers [15] [16] .
Carbon steel is used in mass amounts in marine applications, chemical processing, petroleum production and refining, construction and metal-processing equipment 17, 18 , despite it has a relatively high cost. These applications usually induce serious corrosive effect on equipments, tubes and pipelines made of iron and its alloys 19 .
The above considerations prompted us to study characteristics such as morphology and composition of corrosion layers formed on the surface of the different studied metals and alloys by means of SEM, EDX and XRD to throw light on the corrosion mechanisms of these studied materials in sea water. This work will be continued in another part by studying the corrosion behavior of the studied materials in desalinated seawater.
EXPERIMENTAL

Materials
The materials selected for this study were carbon steel alloy (CS), copper (99.1%purity), nickel (99.9% purity) and nickel-copper alloy (Monel_400). The CS coupons have percent composition (wt.%) of 98.38% Fe, 0.28% C, 1.25% Mn, 0.05% S and 0.04% P, while the percent composition of used Monel_400 is 62.4 Ni, 34.7 Cu, Fe 0.7 and Mn 1.2 . The compositions of the specimens were analyzed by Portable X-ray Fluorescence (XRF) model NITON_XLt driven with software version 4.1.All the tested materials were provided by Center Metallurgical Research and Development Institute (CMRDI) and cut into coupons with 4.0 cm x 2.0 cm x 0.15 cm dimensions. Prior to all surface analyses,the different tested coupons were immersed in sea water for different time intervals .Before immersion all the test specimens were surface -ground manually on successively finer silicon carbide emery papers with (350, 1000, and 1200) grit finish on all faces, degreased with acetone, rinsed in tap and distilled water respectively, and finally dried in warm air.
Solution
The tested solution is stagnant, naturally seawater obtained from Mediterranean Sea. Characteristic properties of seawater samples including pH, density, specific gravity, electrical conductivity, resistivity, total dissolved solids, salinity, and hardness were determined according to the standard methods [20] [21] [22] [23] [24] , and the results are given in table1. Cationic and anionic analyses were performed on the used seawater by ion chromatography, using DX 600 gradient IC system (Dionex, Sunnyvale, CA, USA). Integration was performed by Chromeleon Ver. 6.30 software (Dionex), and the results are listed in Table 2 .
Scanning Electron Microscopy
Specimens of different studied materials, after exposing to seawater for 30 days, were observed by mean of the Scanning Electron Microscopy. The test was performed using JEOLmodel JSM-53000 scanning electron microscope (SEM). The working sample was analyzed at three different locations to ensure reproducibility.
Energy Dispersive Spectroscopy
The composition of the surface film formed on the metal specimens was examined by energy dispersive X-ray (EDX (. This was carried out with X-Max Oxford energy dispersive spectrometer conjugated with transmission electron microscope Jeol 2100. The spectra were recorded on samples immersed for a period of 48 hrs in natural seawater.
X-Ray Diffraction
The corrosion products developed on the surface of the studied coupons, as a result of 30 days immersion in sea water, were taken up, gently powdered and homogenized, then examined using X-ray powder diffractometer, Panalytical XPERT PRO MPD. Cu K α radiation ( λ= 1.5418 A°) was used at a rating of 40 kV, 40 mA. The diffraction patterns were recorded at room temperature in the angular range of 4°-80° (2θ) with step size 0.02 o (2θ) and scan step time 0.4 (s). The crystalline phases formed on the carbon steel surface, in both cases, were identified using the ICDD-PDF database.
RESULTS AND DISCUSSION
SEM analysis
Examination of the corroded surfaces of different studied materials by SEM is shown in Fig.   1 . The micrograph of corroded carbon steel surface (Fig.1a) shows a homogeneous corroded area, with spots of localized attack. This condition is observed throughout the surface sample. Also, a number of small and shallow pits were formed on the carbon steel surface as a result of exposure to sea water. Fig.1 b shows the changes in surface morphology of copper specimen after immersion in the corrosive tested media. Small pits are observed on the copper surface due to the attack of chloride ions and dissolved oxygen as; both contribute to the oxidation of the metal 25 . In case of nickel metal (Fig.1 c) although the surface of the specimen still somewhat bright but localized corrosion in the form of a fine dark spots appear among the scratches. The micrograph of Fig.1 d shows that the surface of Ni-Cu alloy has some roughness and characterized in some locations by the occurrence of some pits and suffering from some cracks. The micrograph indicates that, the alloy suffer from general as well as pitting corrosion.
EDX analysis
In order to define more accurately the nature of the corrosion layers observed in each condition elemental mappings were performed by EDX. Fig. 2 . presents an EDX panorama recorded for different studied samples after exposure for 48 hrs in seawater. The elemental composition of the corrosion products formed on the surfaces of different studied materials is reported in table 3. Both, the EDX spectra of the film formed on carbon steel surface (Fig. 2a) the elements constituting the carbon steel sample are shown in the spectra like C and Si .In the case of copper metal the EDX spectra shown in Fig. 2b indicates that Cu, Cl and O are the major constituents of the film formed on copper surface as indicated from their high intensity signals and from the data listed in Table 3 . This leads us to the suggestion that, a complex layer is formed on copper surface as will be discussed later. The spectra of the corrosion layer formed on both nickel and nickel -copper surfaces is shown in Fig. 2c and d respectively. The EDX spectra and the data of table 3 show that, the main elements which were present on the nickel surface are Ni and S, while in the case of Ni-Cu alloy the highest signals correspond to Ni, Cu and S signals. These data show that sulfur has high contribution in the composition of the corrosion products formed on Cu and Ni-Cu surfaces. 27 .
XRD analysis
Diffraction pattern characterized the corrosion products formed on copper surfaces in seawater is represented in Fig. 3b The diffraction pattern of the corrosion products formed on Ni surface upon exposure to seawater (Fig. 3c) shows the phases of NiS (Millerite) card no. (04-06 -5315) .The peaks were detected at (2θ: 29.31, 31.6, 43.09 ,45.37 and 48.9).The diffraction pattern belongs to the corrosion products formed on Ni-Cu surface as a result of exposure to sea water ( Fig. 3d) 
Corrosion Mechanisms Carbon steel alloy
The results obtained from the different surface analyses indicate that the main corrosion products formed are Fe 3 O 4 and γ -F 2 O 3. This, lead to the suggested corrosion mechanism of carbon steel in sea water based on the following facts, the reduction of water forms the cathodic reaction in the overall corrosion reaction as follows: 
Fig. 1: Micrographs of different studied materials after immersion in sea water for 30 days
According to the all above facts, we can say that when carbon steel is immersed in seawater for a long period of time, the metal will be rapidly dissolved and involved in forming the first corrosion product Fe (OH) 2 as indicated in equation (7), this product is responsible for the increase in corrosion rate. Also, one possible reason for the increase in corrosion with time can be ascribed to the initial formation of pits on the steel surface. As the transition time is achieved, the composition of the corrosion product layer changes from Fe (OH) 2 to predominantly Fe 3 O 4 protective film as shown in equation (8) . Then, Fe 3 O 4 is partially transformed to γ -Fe 2 O 3 as given in equation (9) which corresponds to the formation of stable passivity layer.
.. (9) Some authors 30, 31 , assumed that the passive film is consisted of Fe 3 O 4 layer facing the metal, and γ-Fe 2 O 3 facing the electrolyte. This film retards the corrosion process as it can limit or arrest further metal dissolution by acting as a physical barrier to the corrosion reaction, resulting in a decrease in corrosion rate .Also, the rate of corrosion is controlled by diffusion through the corrosion product layers, i.e., when the thickness of the oxide layer increases the diffusion rate decreases resulting in simultaneous decrease in corrosion rate with time 32 . However, it is expected that, on further increase in immersion time, a sudden increase in corrosion rate is taking place due to breakdown of passive film by the action of chloride ions, due to their breakdown action on the passive film 33 . The chloride ions may be associated with the ability of these anions to adsorb on the passive film (at the bottom of cracks and pores in the oxide film) causing increase in corrosion rate 34 . As natural seawater (the test media) is rich in chlorides, so breakdown of protective layer is expected. So, it can be said that chloride ion is the regulating factor in corrosion mechanism of carbon steel in sea water.
Copper
It is generally accepted that copper dissolution is influenced by chloride concentration 35 .This assumption is in agreement with the results of all the surface analyses of the film formed on Cu surface upon exposure to seawater, as copper chloride complex was the main phase of the formed corrosion products. Due to the activation effect of chloride ions, copper dissolution can proceed according to one of these following proposed mechanisms ... (14) CuCl 2-is believed to control the kinetics of anodic dissolution of copper in chloride solutions. It was reported that the rate of copper dissolution depends on diffusion of the soluble forms of CuCl 2- into the bulk of solution 37 . However, the method of cuprous oxide production in the presence of the chloride ion is usually taken as a precipitation reaction rather than a direct electrochemical or chemical formation from the base metal or cuprous chloride 38 . The equilibrium in reaction (15) is shifted to the right as the local concentration of CuCl 2- complex (produced directly from the dissolution of copper metal or CuCl) increases and cuprous oxide is deposited in response. The stability of Cu 2 O is inversely dependent on the concentration of chloride ions. Thus, from the general literature dealing with copper corrosion, the rate of re-dissolution of the protective Cu 2 O (as a soluble cuprous chloride complex) has been shown to be much higher than that observed in chloride free solution 39 . Hence, it can be deduced that the increase in chloride ion concentration leads to the attack on the insoluble CuCl layer, which transforms into soluble CuCl 2-complex and also, enhances the dissolution of Cu 2 O layer and hence higher corrosion rate is observed in the rich chloride medium.
Nickel
The main phase of the corrosion products formed as a result of corrosion of nickel in sea water was nickel sulphide .This result can be attributed to the fact that, pure nickel is more susceptible to corrosion in sulfide-polluted solutions 40 . This was previously interpreted by the conclusions of Marcus P. et al. 41 , who attributed the high corrosion rate of nickel in sulphur-containing solutions to the formation of a porous three-dimensional nickelsulphide layer formed on the electrode surface. It was suggested that, in the first stage of the corrosion process a thin adherent film of nickel sulfide bonded to the metal surface tightly, and hence hinder the dissolution of nickel resulted, in a decrease in corrosion rate 42 , but on further increase in time an increase in corrosion rate is observed which may be due to the damage of the sulfide layers formed in the early stage and the replacement of those layers with another sulfide layers, in which the bonds of the latter layers with the metal surface were bad, hence their dissolution-hindering effect was not good. This caused the increase of nickel dissolution and consequently the rise in corrosion rate.
Ni-Cu alloy
Previous studies 43, 44 , confirmed that the co-existence of sulfide and oxygen highly accelerated the corrosion rate of nickel and nickel alloys. This fact explains the results of surface analyses which indicate the presence of copper nickel sulphide and nickel sulphide as corrosion products for Ni-Cu corrosion in seawater. It is accepted that the corrosion rate of Ni-Cu alloy was linked to the sulfide concentration 45 , the rapid failure of Monel_400 alloy in a sulfide-containing seawater may be attributed to the hypothesis that the porous, non-protective film formed of copper and nickel sulfide inhibited the formation of a protective oxide film 46 . This behavior can be explained as follows: at the pH of seawater, the sulfide ion is not stable and hydrosulfide is dominant:
... (16) Then, the following reactions proceed: Therefore, the corrosion product layer on the alloy is a porous, non-adherent and non protective mixture of copper and nickel sulfides. This layer adsorbs on alloy surface and provides partial protection, but on further increase in time of immersion this weak layer splits from the surface and hence, a rapid increase in corrosion is observed.
CONCLUSIONS
The metallographic SEM examinations of the studied materials indicate the occurrence of general corrosion of the studied metals and alloys. However, pitting as well as intergranular corrosion was also observed due to the sulphur content in the tested media.
The EDX and XRD results show that, upon exposure of the studied materials to seawater, the major phases of corrosion products formed on carbon steel is Fe -oxide phases of both Fe 3 O 4 and Suggested corrosion mechanisms for the studied materials in seawater reveal that the chloride content is the controlling factor in corrosion of both carbon steel and copper, while sulphur content is the regulating factor for corrosion of nickel and 70/30 Ni-Cu alloy in seawater.
